Kinetic and thermodynamic constants for elementary steps associated with the interaction of acetylcholine (AcCh) and Ca with isolated AcCh receptor from Torpedo californica have been determined by chemical relaxation spectrometry. Murexide Study of the elementary reactions involving AcCh and AcCh receptor is complicated by the lack of a suitable reaction indicator. In this study these reactions are monitored indirectly through their coupling to Ca-AcCh receptor binding equilibria. With the use of murexide as an indicator of Ca ions, a spectrophotometric method has been developed to measure changes in the concentration of Ca ions bound to AcCh rceptor (3). To the extent that AcCh reactions are coupled to the Ca binding, changes in bound Ca can be used to indicate changes caused by AcCh in presumed AcCh receptor conformational states. The reaction equilibria involving receptor, Ca, and AcCh are investigated here by the temperature-jump relaxation method, and kinetic and thermodynamic constants associated with elementary reaction equilibria are reported. The preliminary results of these studies have been briefly referred to in previous publications (1, 3, 5, 6).
trometry. Murexide is used as a Ca indicator to monitor changes in Ca bound to the AcCh receptor. In the presence of AcCh this technique permits an indirect monitoring of AcCh binding, because the AcCh and the Ca binding reactions are competitively coupled. A temperature-jump perturbation in the Camurexide-AcCh receptor system induces a spectrum of relaxation processes characterized by at least three relaxation times: T1 = 5 (+1) msec; r2 = 35 (15) msec; and r3 = 300 (+30) msec. In the presence of AcCh, the Ca relaxation spectrum is altered in a characteristic way. A formalism is developed to describe the normal mode relaxation times of the coupled reaction system in terms of total concentrations of both AcCh and receptor binding sites. The analysis also allows one to determine the stoichiometry of the reactions involved or to estimate a molecular weight of the AcCh receptor. The kinetic data suggest that the reaction of AcCh with receptor proceeds in at least two steps. The rate constant ofthe association of AcCh with receptor was found to be 2.4(±0.5) X 107 M-1 sec-1 at 23.50, 0.1 M NaCl, 50 mM TrisHCI, pH 8.5 . Reaction schemes consistent with the present kinetic data are discussed in terms of a physicochemical model that accounts for the rapid transient conductivity changes in excitable membranes during nerve and muscle excitation. The conductance changes in excitable membrane during nerve and muscle excitation are controlled by physicochemical membrane processes. At present, however, the molecular mechanism that underlies such changes is unknown. One may anticipate that several reaction steps are involved that are coupled with each other, possibly in a sequential form (1) . Consequently, the time constants of the measured electrical changes reflect normal mode time constants of the whole regulatory system.
An experimental approach toward an understanding of the molecular mechanism of excitability is a study of Study of the elementary reactions involving AcCh and AcCh receptor is complicated by the lack of a suitable reaction indicator. In this study these reactions are monitored indirectly through their coupling to Ca-AcCh receptor binding equilibria. With the use of murexide as an indicator of Ca ions, a spectrophotometric method has been developed to measure changes in the concentration of Ca ions bound to AcCh rceptor (3) . To the extent that AcCh reactions are coupled to the Ca binding, changes in bound Ca can be used to indicate changes caused by AcCh in presumed AcCh receptor conformational states. The reaction equilibria involving receptor, Ca, and AcCh are investigated here by the temperature-jump relaxation method, and kinetic and thermodynamic constants associated with elementary reaction equilibria are reported. The preliminary results of these studies have been briefly referred to in previous publications (1, 3, 5, 6 (10) . A method was developed to analyze the estimated relaxation time constants in terms-of the total concentrations of the reaction partners (11) .
RESULTS

Ca-AcCh receptor relaxations
The concentrations of the reaction partners were chosen so that the equilibration of the indicator system Ca plus murexide is very rapid (relaxation time TCaMu = 10 usec) and practically falls in the time range of the Joule heating of the measuring cell (Th = 6 psec). The indicator system can then be used to monitor any slower relaxations involving Ca ions (7, 9 1T, = k2ij{RO].( (1 + p + q)2-4q + p-K2) [6] If p < 1, i.e., [R°] > KA, TJ passes through a maximum as a function of q, at qm = 1 -q. The dependence of T2 on q suggests that this relaxation is associated with the intramolecular reaction in Eq. 3. With TII = T2 and since TII > TI, the reaction represented in Eq. 2 may be considered to be equilibrated during the slower relaxation of the intramolecular step. Introducing the equilibration factor kl2'/(kl2' + k2l), the relaxation time of the slow mode is given by lITII k23Ik12'/(k12' + k21)j + k32 [7] See refs. 7 where T2 = (k23 + k32)-' = 1k32(1-K2-1)1 [9] is the intrinsic time constant of the uncoupled reaction represented by Eq. 3. If p < 1, TII passes through a maximum as a function of q at qm = 1 -p. The time constant TIIm of the maximum is given by T-m _ T2 = (1/2) T2K2y'IP [10] The combination of Eqs. 8 Recall that TI and TII pass through a maximum as a function of q. In some preparations of AcCh receptor the position of the maximum corresponded to q values lower than 1 -p; in these cases only a fraction of the protein appeared to bind AcCh.
In Fig. 3 3), the kinetic method gives KA = p-[R°] = 1.0 (+0.5) X 10-6 M, in good agreement with KA = 1.5 (±0.3) X 10-6 M derived from equilibrium dialysis binding data with this AcCh receptor preparation. When the maximum value TIIm = 50 msec is inserted in Eq. 10, K2 = 6.7; i.e., about 90% of complexed AcCh receptor is in the conformation AR", under the present experimental conditions. Inserting the K2 value in Eq. 4, the calculation yields K1 = 6 X 10-6 M. Thus, the kinetic method provides the individual equilibrium constants for the single steps whereas thermodynamic procedures only give the overall distribution constant, KA. With Eq. 9 and K2 = 6.7, the rate constants for the conformational change are k2s = 43.5 sec-1 and k32 = 6.5 sec-1.
The value of K2 is now used to analyze the dependence on q of the relaxation time TI = T1 (see Fig. 2 ). It is found that, for k12 = 2.4 (+0.5) X 107 (M sec) ' [12] Thus, at known molecular weight of AcCh receptor, nA can be calculated and vice versa; at known nA the molecular weight can be determined, using Eq. 12. For the example shown in Fig.  2 , the data are consistent with nA = 2 and an AcCh receptor molecular weight of 260,000 (+30,000).
The kinetic analysis of the relaxation times provided the second order rate constant k12 = 2.4 (+0. AR" [13] In this scheme, R and AR (and also AR") represent low permeability configurations of AcCh receptor, whereas AR' is the high permeability form. The transition of R' to R represents the control step for the closing of the permeation zones for ionic currents. Now, for efficiency reasons, the dissociation rate constant k2l should be small so that the main reaction flow of AcCh (Al) is toward AR and AR'. This efficiency criterion is matched if the equilibrium constant K, = k2l/k,2 is small and the influx of AcCh (k12) is rapid, i.e., practically diffusion controlled. Since K, is proportional to the overall constant KA, a low value of KA would guarantee an efficient net AcCh influx into the AcCh receptor control system. Thus, our dissipative nonequilibrium model for the control of ion flows in excitable membranes is consistent with a high affinity binding constant of AcCh to AcCh receptor.
